Tasks with stimuli are often used for the examination of stimulus-related functional characteristics of brain areas. However, the task can affect the response to a stimulus. Repetition suppression is a phenomenon that can be used to probe neuronal properties using macroscale functional magnetic resonance imaging (fMRI). The use of repetition suppression as an investigative tool to assess functional characteristics warrants the investigation of the invariance of repetition suppression to a given task. In this study, we examined repetition suppression using images of faces during different tasks. We found that the task difference did not change the response patterns related to repetition suppression in high-level areas and the primary visual area while it changed amplitudes of fMRI response to the visual stimuli. The result suggests that the repetition-suppression phenomenon is robust compared with the amplitude of fMRI response, and functional characteristics can be examined using the repetition-suppression phenomenon even under the condition that fMRI response is varied by task difference.
Introduction
The repetition suppression observed in functional MRI (fMRI), which is also known as refractory suppression or fMRI adaptation, is a phenomenon in which the response to the second presentation of a visual stimulus de-creases when the stimulus is presented repeatedly at short intervals. Refractory suppression is a suppression phenomenon that occurs between two input signals that arise successively within a short interval (<1000 ms). The response of a pair of identical stimuli is ideally twice that of one of the stimuli in the pair. The response to a pair of identical stimuli is about 20% larger than that to one of the stimuli in the pair with a short interval of 200 ms. However, the suppression recovers almost completely at 1000 ms, i.e., the response to paired stimulation becomes twice as large as that of one of the two stimuli in the pair [1] [2] . fMRI adaptation is a reduction in the response to a stimulus that is presented repeatedly with a relatively long interval, even up to several tens of seconds, i.e., the recovery in response takes longer in the case of fMRI adaptation than in the case of refractory suppression [3] [4] . Therefore, the latter can be used to assess the temporal characteristics of fast neuronal processing. However, in the case of two different stimuli in a pair, pair suppression can be weak, even with a very short interval (less than hundreds of milliseconds), when the common components of the two stimuli in the pair are small. Therefore, the phenomenon can also be used to assess the spatial characteristics of the distribution of different neuronal populations in a given brain area. This phenomenon has been used to examine neuronal properties via macroscale measurements using fMRI. In the context of refractory suppression, it is understood that the input signals to an area stem in a feed-forward manner from the lower area, and that signal suppression occurs via an interaction between the signals that arise successively.
Signal processing in the feed-forward manner has been found in the ventral visual pathway oriented for object processing which has a set of interconnected cortical regions from primary visual cortex (V1) to the temporal end. However, the processing in visual object areas in the ventral visual pathway is not solely dependent on feed-forward inputs. Many previous studies have reported that neuronal responses at V1 and high-order areas for object processing are enhanced in the presence of spatial attention [6] - [12] and that the response enhancement differs depending on visual field on which stimuli are presented [13] . Among those, Reddy et al. also reported that higher-order areas such as fusiform face area (FFA) show that an fMRI response to a task-relevant stimulus is enhanced compared with task-irrelevant stimuli [10] . They interpreted the task-relevant effect as top-down attention in that top-down attention is non-spatial and bottom-up is spatial. The response modulations by spatial and non-spatial (or bottom-up and top-down) attention give a possibility that an area in the ventral visual pathway get modulatory inputs from lateral areas or higher-order areas and the inputs affect refractory suppression for the area, that is, if an fMRI response to some stimulus is modulated by attention or an assigned task and the modulation of response reflects some changes of neuronal activity then the change of neuronal activity may lead to some modulation in refractory suppression. Although direct evidence of modulation about refractory suppression by attention does not exist, one of the characteristics of refractory suppression supports the possibility. It is that refractory suppression is strong in case that two stimuli in a stimulus pair elicit strong responses but week in case that both stimuli elicit weak responses or the second stimulus of two successive stimuli in the pair is weak [14] .
In this study, we tested whether fMRI response modulation by task difference accompanies with refractory suppression in relation with visual field differences (visual eccentricity).
For the purpose, we used task-irrelevant and task-relevant conditions. Under the task-irrelevant condition, participants performed color discrimination of a cross-hair at the center of the visual field while target face images are given at the central or peripheral visual fields. Under the task-relevant condition, participants performed an associative task composed of the color discrimination of the cross-hair and a gender discrimination of faces (Figure 1 ).
Materials and Methods

Subjects
Twenty-six healthy volunteers participated in this study. Thirteen subjects participated in the low-load and highload tasks, respectively. The participants were interviewed and their health was evaluated on the basis of physical examinations performed in the last 6 months of the experiment. All participants had normal or corrected-tonormal vision with 20/20 acuity, no history of neurological disease, and no medical conditions that would prevent MRI screenings, such as pregnancy, presence of a cardiac pacemaker, or claustrophobia. Subjects provided written informed consent after they were given a complete description of the study. This study was approved by the Institutional Review Board of Tohoku Fukushi University. . Each block included 8 stimuli with images female and male presented randomly. Color for the fixation task was changed randomly. The presentation time was 50 ms for each image and 150 ms for each colored crosshair. The same stimulation conditions were used for the low-and highload tasks. Under the task-irrelevant condition participants were required to detect color change of the crosshair by pressing button 1 for green and 2 for red. Under the task-relevant condition participants were required to identify the gender of the face presented in an image, in addition to the color change of the crosshair. Responses required participants to press button 1 for the combinations of gender and color, such as male and green or female and red, and button 2 for the other combinations.
Stimulation Procedure
The visual stimuli were images presented in the center of the visual field (central stimulation) or unilaterally in the left visual field (peripheral stimulation; Figure 1 ). There were 24 event blocks, with each block lasting 12 s. The 24 event blocks each consisted of 12 blocks of central and peripheral stimulation, respectively. The 12 blocks of central or peripheral stimulation comprised four blocks of single stimulation (S), paired stimulation with the same face (SP), and paired stimulation with different faces (DP) of the same but and different identities. The S, SP, and DP blocks were randomized at the intrasubject and intersubject levels. Therefore, there were three stimulus conditions for central and peripheral stimulation: S, SP, and DP (Figure 1) . The experimental run started with a 12 s prestimulus state (for the removal of transient effects), and each stimulus block was followed by a 12 s control block; the total scan time was 600 s. The S block consisted of eight images of different faces that were presented for 50 ms and a 1.5 s repetition period interspersed with the control state. Each paired block (SP or DP) consisted of eight pairs of faces, with a 1.5 s interval between pairs. The interstimulus interval (ISI) of the SP and DP blocks was 150 ms. Images presented in the paired stimulation blocks were different between pairs, even in the SP block (Figure 1) . During the scan, the colored crosshair was presented for 150 ms and the color was changed randomly to green or red with a 1.5 s interval. The onset of the colored crosshair occurred after the offset of the stimulus in the S block, and after that of the first stimulus in the SP and DP blocks. A gray crosshair was presented at the left period. The control block was the same as the stimulus block with the exception that there was no image presentation, i.e., the colored crosshair was presented for 150 ms and the gray crosshair period became longer, to match the period of face stimulation. The tasks in the stimulation state had two levels: task-irrelevant (T-I) and task-relevant (T-R). In the task-irrelevant condition, subjects were required to press buttons 1 or 2 according to the color of the crosshair (green or red, respectively). In the task-relevant condition, subjects were required to detect simultaneously the color changes of the crosshair and the gender of the individuals portrayed in the images, i.e., they had to press button 1 when the crosshair was green and the image showed a man, or when the crosshair was red and the image showed a woman, and press button 2 in any other case. The tasks in the control state were the same for both the T-I and T-R conditions and required detection of only a color change of the crosshair.
After this main experimental scan (refractory experiment), a localization scan (localization experiment) was performed to localize V1 and FFA in each subject. The localization scan included eight blocks. The duration of each block was 12 s. Out of these eight blocks, four blocks included images of faces, whereas four blocks included images of buildings that were interspersed with the 16-s control states and the 16 s poststimulus intervals. During the control state, a black crosshair was presented in the center of a gray background. Each event block consisted of eight different images. Each image in each block was presented for 1 s in the center of the visual field, and the same black crosshair was presented at an interimage interval of 0.5 s. The subjects performed a one-back task during the scan, in which they pressed button 1 when an image was repeated and pressed button 2 in all other scenarios.
Measurements
MRI experiments were performed using a Verio system (Siemens, Germany) with a standard, 12-channel head matrix coil operating at 3 Tesla. After the initial localization of images, T1-weighted anatomical images were obtained with an inverted recovery-and magnetization-prepared rapid acquisition using a gradient echo with a matrix size of 256 × 256 mm over a 256-mm field of view and a 1-mm slice thickness. For functional imaging, single-shot, gradient echo, planar imaging was performed using the following parameters: repetition time = 1000 ms, echo time = 25 ms, flip angle = 80˚, field of view = 220 mm, matrix size = 64 × 64 mm, and slice thickness = 3.4 mm, with no gap. Eighteen slices parallel to the anterior-posterior commissure line were acquired for each volume. The slice acquisition order was interleaved.
Visual Stimulation
The visual stimuli were grayscale images presented using a projector and displayed on a mirror mounted on the head coil (spatial resolution, 1024 × 768 pixels; refresh rate, 60 Hz; Panasonic, Japan). The images occupied 3.5˚ × 4˚ for the SP experiment, and the black crosshair was 0.34˚ × 0.34˚. The center of the images used for the peripheral stimulation was shifted 2˚ to the subject's left. The reason parafovea was used for peripheral stimulation was to allow the discrimination of faces and facilitate fixation. The images were novel stimuli that were developed by the investigators. The images used for localization occupied 5˚ × 7˚ at the center of the visual field.
Results
The primary visual area V1 were identified near the posterior tip of the calcarine sulcus on activation map by a conjunction analysis of face and building stimulation in the localization experiments (Figure 2(a) ). FFA was identified as a cluster of >200 voxels with a p-value of <0.001 around the fusiform gyrus by contrasting fMRI responses for the face and building stimulation in the localization experiment (Figure 2(b) and Figure 2(c) ).
For analysis at each ROI, data (beta values) regarding fMRI signal changes were extracted from each V1 and FFA. FMRI signal time-courses at FFA were plotted for each task-irrelevant condition and task-relevant condition to see response profiles on the temporal axis (Figure 3) . To examine the task effects on the stimulus, a Green is for S, yellow is for SP and purple is for DP for "Central" stimulation, and red is for S, cyan is for SP and light purple is for DP for "Peripheral" stimulation.
four-way ANOVA was performed for the central stimulation using the factors of ROI (V1 and FFA), task (T-I and T-R), visual eccentricity (central and peripheral) and stimulus (S, SP, and DP) and the signal change as the dependent variable. This analysis revealed significant interactions between three factors of ROI, visual eccentricity and task [F(3, 228) = 11.33, p = 0.022], and significant main effect for the stimulus factor [F(2, 188) = 5.315, p = 0.001] (Figure 4) . Therefore, two-way ANOVA was performed for each area (V1, FFA) with the factors of eccentricity and task.
The analysis at V1 revealed significant interaction between the eccentricity and task factors [ 
Discussion
The results that task difference was not reflected at V1 and FFA whether the stimuli were presented at the center or the periphery of the visual field, while task difference modulates fMRI response to the peripheral stimulation at V1 and to both central and peripheral stimulation at FFA, indicate that refractory suppression is more robust phenomenon than fMRI signal. Under the conditions of the present experiment, the results reject the hypothesis that fMRI response modulation by task difference accompanies with refractory suppression.
The larger response to task-relevant stimulation presented at peripheral visual field of V1 can be explained in relation with the distance from the fixation point to the location of target stimulus images. Amplitude of fMRI signal to unattended target stimulus images is known to decrease as the distance of the location of the stimulus images from the fixation point increases when attention is given to the fixation point [11] . This response decrease in task-irrelevant condition and a response increase in task-relevant condition by spatial attention might make significant difference between task-irrelevant and task-relevant conditions. Enhancement in fMRI response at FFA for the task-relevant condition is consistent with the previous studies [6] [10] . The response enhancement at FFA can also be explained in relation with the studies of spatial attention because there would be partial increase in attention to the target stimulus face images in the task-relevant condition [7] - [9] [15] [16] . The response difference at FFA between the central and peripheral stimulation is consistent with the preference of the central vision of FFA [17] .
Object processing varies depending on not only stimulus-driven selection but also other factors such as visual eccentricity (or positon) and top-down selection [5] [18]- [20] . However, it is unclear yet to what extent those factors contribute to visual object processing. The present study may give some information about the effect of those factors on visual object processing; the effect by those factors to neuronal activity underlying the refractory suppression is not much as to affect an average activity in brain areas even if it exists.
In regard to signal processing modality, we used univariate analysis. Our results derived from evaluation of an average activity in a brain area rejected the hypothesis that refractory suppression would be modulated by task difference but it does not deny the possibility of acceptance of the hypothesis in case that multivariate analysis is applied [21] - [25] . However, most of the studies on repetition suppression is based on an average activity in brain areas and our objective in this study is also to examine whether the modulation occurs at the level of the average activity [1] [26]- [31] . Moreover, the experimental design in this study was not oriented to multivariate analysis, so that data processing by multivariate analysis is not appropriate. To examine refractory suppression by multivariate analysis will be our future study.
These, all together, suggest that the refractory suppression is robust to the task difference compared to the amplitude of fMRI signal.
Ideally it may be best to measure refractory suppression under a passive condition in which participants focus on the center of the visual field while stimulus images are given at some locations of the visual field because refractory suppression is known to reflect an interaction between feed-forward inputs. However, under the passive condition participants tends to lose their attention or fall asleep in the MRI scanner. Therefore, a task is needed to keep participants' arousal state or attention constant, and the task should be exclusively independent on target stimulus. However, the task, even if it is independent, the response to the target stimulus can be affected [8] [10] [11] . Therefore, the finding in this study that the refractory suppression is robust to the task difference would be useful information in applying the refractory suppression to studies of functional characteristics of brain areas.
In regard to the refractory suppression, one hypothesis is that the response to a paired stimulus is ideally twice the response to one stimulus (single) in the pair when ISI is sufficiently long, i.e., around 1000 ms. According to this hypothesis, a response to a paired stimulus is regarded as suppressed if the response is less than twice of response to a single stimulus. Another hypothesis for refractory suppression is that the recovery from suppression (that is, for response to a pair to reach twice the response to a single stimulus) is faster for a paired stimulus when the paired stimulus consists of different types of stimuli. Previous studies on refractory suppression have not described explicitly the "twice" value in the evaluation of response suppression as the criterion for suppression. However, it remains uncertain whether the criterion can be affected by experimental conditions and the fully recovered response does not reach twice the value of the response to a single stimulus. In this context, a previous study showed that the refractory suppression at V1 by checker pattern stimulation had almost completely recovered after a 1000 ms interval [1] ; moreover, in our supplementary experiment using face images, we observed that the refractory suppression at FFA had recovered by >80% (i.e., a factor of 1.8 relative to the single stimulus), even with a short interval of 532 ms, whereas the recovery was about 40% for an interval of 132 ms when different faces were used in a pair. Therefore, it is reasonable to regard the double of the value of the single stimulus as the criterion for suppression. Those provide the validity to the implicit criterion for re-fractory suppression. Thus, it is reasonable to think that the responses to SP and DP at V1 and FFA, in which responses to SP or DP are less than twice that to the corresponding S, are regarded as suppressed. In the present study, the suppression for SP was weak compared with those reported by other studies that were conducted using similar ISIs [32] . One of the reasons for this discrepancy may be the switching of the location of stimulation between the center and the periphery in the same stimulus run, although the interval between the stimulus blocks was long [33] .
Next, we will describe the expected criticism regarding the intersubject design of and ROI identification in this study. One explanation for the use of the intersubject design to examine the effect of task condition was to avoid any possible interaction between task-irrelevant and task-relevant conditions when participants perform two tasks in the same experimental session, one of considered is that participants may perform the task under task-relevant condition implicitly while they are performing under task-irrelevant conditon explicitly. Another is that the scan time (600 s) and the performance of two tasks in one session can yield data with a worse quality. In fact, in our preliminary experiment in which two 600 s scans were performed, the data for the second scan contained much more physiological fluctuation and variation in response amplitudes than did the first scan.
For the localization of an ROI for FFA, the possibility that the ROI of FFA was shifted to an area preferring central stimulation should be considered, because face images were presented at the central visual field in the localization experiment. Even if there was a bias in FFA localization, which was shifted in the direction of the fovea due to the presentation of images at the center it does not defy the results because the effects of task condition and repetition suppression at FFA were evaluated separately for the central and periphery condition. Therefore, the definition of ROI based on the central presentation of images does not have an impact on our results.
Conclusion
The task difference did not affect the suppression phenomenon although fMRI response amplitudes are modulated by the task difference. This suggests that the refractory suppression is robust to the task difference than fMRI signal. This also suggests that task difference does not have to be considered, as long as univariate analysis is applied, when examining the suppression phenomenon, regardless of the presentation of the stimulation in the center or the periphery of the visual fields, and that the suppression phenomenon can be used as a tool for probing functional characteristics at both high-level and low-level areas.
